ABSTRACT Random unitary beamforming (RUB) achieves multiuser diversity gain over multiple-input multiple-output broadcast channels with partial channel state information (CSI). RUB can asymptotically achieve the same growth of rate M log log K as the optimal dirty paper coding or sub-optimal zero-forcing beamforming, which need full CSI at the transmitter. In this paper, we propose energy efficient RUB systems that select the optimal number of streams and transmission power to maximize energy efficiency (EE). In contrast to other beamforming schemes that use full CSI, optimizing RUB in terms of EE is a difficult task due to the CSI constraints. To solve this problem, we first select the EE-optimal number of streams and transmission power by using the statistical characteristics of RUB, which have been studied in previous works. Next, based on partial CSI feedback from users, we propose the method whereby the transmitter of RUB can adaptively control the transmission power. Simulation results demonstrate that our proposed systems can improve the EE performance of RUB and that the analytical results derived in this paper are accurate.
I. INTRODUCTION
In the past years, multiple-input multiple-output (MIMO) technology has been used to improve the performance of wireless communications systems. By deploying many antennas, M , at transmitter, and receivers, N , MIMO takes advantage of the spatial multiplexing gain of min(M , N ) to improve the date rate. Unfortunately, a performance limitation exists in the downlink cellular network scenario since mobile users generally have a limited number of antennas due to the size/battery constraints. To exploit the gain of additional antennas at the base stations (BSs), MIMO broadcast channel (MIMO-BC) techniques, which allow multiple users to communicate simultaneously at the same frequency and time resource have been studied [1] , [2] . However, unlike single user MIMO systems, in which a receiver is able to cancel the interference, inter-user interference (IUI) can limit the performance of MU-MIMO systems when multiple users who simultaneously receive signals do not cooperate with each other. Hence in MIMO-BC, many researchers have focused Kim et al. [5] suggested a closed-form of the upper bound of the sum rate using some mathematical techniques, such as an approximation of the Lambert W function and Jensen's inequality. More accurate approximation of the upper bound than [5] was proposed in [6] , which includes the curvefitting method to simplify the Lambert W function. Huang and Rao [7] proposed a closed form of the upper bound by using decomposition of the probability density function (PDF). The major drawback of [3] and [5] - [7] is that all these works referred to the upper bound PDF derived in [3] . For an accurate analysis of sum rate, the exact pdf was derived in [8] which considered the ordered statistics of SINR, which is ignored in the previous works.
In this paper, we focus on optimizing RUB in terms of energy efficiency (EE). The mobile telecommunication industry is expected to contribute 2 % of CO 2 emissions [9] . Hence, green communication will receive more attention all over the globe and EE defined as ''data rate/power consumption'' [10] is recently considered to be an important performance metrics of next-generation green cellular networks. Many studies on the EE of MIMO broadcast channels based on full CSI have been performed [11] - [13] . Reference [11] advances a new fair scheduling method that uses the EE of each user to improve EE performance in the downlink of MU-MIMO systems. Furthermore, energy efficient uplink MU-MIMO systems was proposed and analyzed [14] . To investigate the relationship between EE and spectral efficiency (SE) in the MU-MIMO systems, EE-optimization problem with the constraints of SE was considered in [12] . Reference [13] optimized vector perturbation (VP) which is one of MU-MIMO technique for EE. However, the research on the RUB in terms of EE has been limited. In contrast to full CSI schemes, improving EE on the RUB is difficult since the transmitter of RUB can use partial CSI such as channel quality and beam index.
To optimize EE in RUB, we first need to obtain the optimal system configuration parameters, such as the number of streams, M , and the total transmit power, P, based on the ergodic sum rate analysis of RUB. To overcome the limitation of RUB systems that the transmitter is able to use only partial CSI, we first derive statistical EE-optimal M and P by solving two-variable optimization problem for a given number of users, K . This approach is sub-optimal since an actual EE-performance varies according to the channel state. TO achieve optimality, the transmitter can adaptively control the transmission power by using the CSI fed back from selected users. Based on our results, the transmitter of RUB is able to transmit signals to selected users by activating EE-optimal M antennas and allocating optimal P.
The rest of this paper is organized as follows. Section II presents a system overview that contains the system model and ergodic sum rate analysis. Section III computes the statistical optimal number of antennas and transmit power in terms of EE and proposes a joint optimization method. Section IV analyzes our proposed energy efficient RUB systems.
Next Section V presents simulation results to demonstrate our results. Finally, Section VI summarizes the paper.
The following mathematical notations will be used throughout this paper. Uppercase and lower case boldfaces are used to denote matrices and vectors, respectively. (·) T , (·) H , tr{·} and E[·] represent the transpose, conjugate transpose, trace and expectation, respectively.
II. SYSTEM OVERVIEW A. SYSTEM MODEL
We consider MIMO broadcast channels in a single cell scenario where BS has M transmit antennas and K (K ≥ M ) users have single antenna. BS serves M selected users simultaneously using M beams. The transmitted signal vector from BS with precoding can be written as
where s j and w j are data symbol and assigned precoding vector for the jth selected user, respectively, and P is the total transmit power. The received signal at the ith user is written as
where
is the Rayleigh fading channel vector between the serving BS and the ith user. Note that h i,k is modeled as independent identically distributed (i.i.d) complex Gaussian random variable with zero mean and unit variance, i.e. h ik CN (0, 1) and n i is an additive white Gaussian noise with spectral density, N o , i.e. n i CN (0, N o ).
In RUB systems, BS uses M random orthonormal beams that are generated from an isotropic distribution [15] , which means that the beamforming vector of the jth user, w j , is one of the column vectors of the random unitary matrix U = {u 1 u 2 · · · u M }. The received signal to interference plus noise ratio (SINR) of the selected ith user served by the mth beam which is equal to the mth column vector of U is calculated as
Note that ρ =
P WN o
, is a signal-to-noise ratio (SNR) where W is a system bandwidth. For notational convenience, we set channel gain h i T u m . Under the assumption that each user perfectly estimates the corresponding channel vector and has knowledge of the unitary matrix, U , all K users are able to compute their signal gain and interference gain. To explore multiuser diversity, channel state information (CSI) should be also available in BS. In the conventional RUB systems, the ith user feeds back the best SINR, γ * i = max γ i,m , and corresponding index, k = arg max m γ i,m , while for energyefficient RUB systems, each user needs to feed back beam index k = arg max m γ i,m , S * i = S i,k and I * i = I i,k . This is needed for improving EE which will be discussed in section III-D. Based on these partial CSI, the transmitter of RUB schedules and selects M users. For example, the transmitter selects the kth user for the mth beam when γ k,m is the best SINR among K SINRs. After that, the transmitter will rearrange the SINR values for the remaining beams without the mth beam. If γ l,n is the best one, where m = n and k = l, the transmitter allocates nth beam to the lth user. This process continues, until all M beams have been assigned to selected M users. In this way, the RUB system achieves multi-user diversity gain.
B. ERGODIC SUM RATE
In this subsection, we analyze the ergodic sum rate of RUB systems, which is given by
where γ B m is the received SINR of the selected user on the mth beam. Due to the symmetry, the sum rate of RUB can be expressed as
Note that we can focus the probability density function (PDF) of SINR for the first beam, denoted by f γ B 1 (x), in the following.
1) BOUND OF SUM RATE
In the previous works about RUB, the performance of the sum rate was analyzed with lower and upper bound since the exact PDF of γ B 1 is too complicated to derive. With random user selection and assigning beams to selected users randomly, the distribution of γ B m is the same as that of γ i,m in (4). In this case, the ergodic sum rate is lower bonded as
In [3] , the probability density function (PDF) and the cumulative density function (CDF) of a random variable γ i,m were derived respectively as
For the purpose of multiuser diversity, the BS selects and schedules users and assigns beams to selected users based on feed back information. First, the BS selects a user who has the best SINR, and adopts a corresponding beam. Next, BS chooses a second best SINR user and applies a corresponding beam. In this way, BS selects M users and transmits signals by adopting a corresponding beam to each user. Many previous works of the RUB systems assumed that beam indexes fed back from the M best SINR users are different. For example, the case that the selected lth user and the nth user choose the same beam index was ignored. Under this assumption, we can consider that µ B m = max 1≤i≤K γ i,m which means that the upper bound of the SINR of selected m user is equal to γ B m . The upper bound of the ergodic sum rate can be expressed as
where the CDF of
Most previous works about RUB systems use this upper bound PDF for performance analysis [5] - [7] .
2) EXACT SUM RATE
The assumption used to derive upper bound PDF is valid when the number of users in a cell, K , is sufficiently large compared to the number of users who receive the signal simultaneously, M . In the case that the difference between M and K is not large, i.e. the obtained multiuser diversity gain cannot overcome the effect of inter-user interference, the sum rate of (10) becomes the upper bound of exact sum rate of RUB systems, which is described in Fig. 2 . The exact PDF of γ B 1 , denoted by f γ B 1 (x), was derived in [8] as
Note that
means the probability that the SINR of the first beam is the ith largest one of all K best beam SINRs feed back from K users and f γ *
is the probability that the no one choose the first beam and f γ B 1 |R (x) is the corresponding PDF. The details of f γ * i:k (x) and f γ B 1 |R (x) refer to [8] and [16] . Applying this result, the exact sum rate of RUB can be represented by
are also functions of M and P. The ergodic sum rate has several properties with regard to M and P. Fig. 1 illustrates the comparison between upper bound and exact sum rate of the RUB. First, when P is sufficiently large, the sum rate of RUB is saturated since the IUI limits the performance. This means that we do not need to use more transmission power than P SE where rate performance of RUB, which means that we can define
Thus, P SE and M SE are the transmission power and the number of streams that can be applied to spectral efficient RUB systems, respectively.
III. IMPROVEMENT OF ENERGY EFFICIENCY
The definition of EE in communication systems which is first introduced in [10] is described as
where R and P tot are the sum rate (bps/Hz) and total power consumption (watt), respectively. Although there are many expressions of EE, such as 'R/P tot (bits/Hz/Joule)' [12] or 'P tot /(W × R) (Joule/bit)' [17] , we will use the metric of (13) in this work. Before formulating problem, we first need to set up the power consumption model.
A. POWER CONSUMPTION MODEL
The power consumption of the wireless communication systems consists of the transmit power, P, and circuit power, P circuit as
In most existing works, the circuit power consumption was ignored [18] when the transmission power was the dominant part of the total power consumption compared to the circuit power, i.e. P/η P circuit and P tot ≈ 1 η P. In this case, obtaining the optimal transmission power in terms of EE was the problem to be solved. However, this simple model cannot be adopted in systems when the number of antennas, M , is very large, such as massive MIMO systems, or transmission power that might be very small, such as small cell networks. For more precise investigation of EE performance, various circuit power consumption models in communication systems have been proposed [11] , [19] - [22] . Most simple models that are Although the parameters of these models are different, all proposed models can simply be expressed as linear combinations of transmission power, P, the number of equipped antennas, M , and a constant as follows.
The values of a 1 ,a 2 , and a 3 are different in each study. For example, Liu et al. [23] set up the parameters that a 1 = 1/0.33, a 2 = 2.00615, and a 3 = 0.1 while authors in [11] used a 1 = 2, a 2 = 0.1, and a 3 = 0. Naturally, the model of [11] was more sensitive to increasing M compared to the model of [19] due to the larger a 2 . Hence the conclusions of these studies can be changed, depending on the parameters setting. In this work, without loss of generality, we use two power consumption models which are P a 2 ↑ tot = 1 0.33 P + 2M + 0.5 and P a 2 ↓ tot = 1 0.33 P + 0.2M + 0.5 to investigate the impact of power consumption modeling on the EE. Fig. 2 and Fig. 3 show the differences between the two models.
In Fig. 2 , we plot the EE as a function of ρ for both two power consumption models. First, we confirm that there is an optimal ρ in terms of EE. We perform a simulation with a resolution of 1dB. There is difference between Fig. 2(a) and Fig. 2 (b) since we use two different power consumption models. Due to the large a 2 of P a 2 ↑ tot compared to P a 2 ↓ tot , the optimal ρ in Fig. 2(b) is larger than that in Fig. 2(a) . Also, Fig. 3 illustrates the EE performance with regard to the number of antennas, M . Similarly to Fig. 2 , it is shown that there exists an EE-optimal number of antennas. 
B. PROBLEM FORMULATION
For achieving EE-RUB systems, we can formulate the EE-optimization problem as follows.
Note that since the transmitter of RUB has only partial CSI, equal power allocation to M selected users is the optimal solution while full CSI schemes can allocate different power to each users. Intuitively, EE with P = 0 or M = 0 becomes zero, i.e. η EE | M =0 = 0 and η EE | P=0 = 0, hence we can ignore constraints for 0 < P and 1 ≤ M . Thus, the EE-optimization problem of (16) can be reformulated as
Note that (17) is a two-variable optimization problem w.r.t. M and P and constraints are linear functions of M and P, respectively. It means that we need to choose EE-optimal number of streams , M EE , EE-optimal transmit power, P EE , in order to maximize EE performance. The transmitter of RUB is able to use partial CSI, hence allocating equal power as
to each M EE selected users and selecting antennas among M EE antennas is assumed in this works. Finding another antenna selection or power allocation strategy in RUB systems is left for future works.
C. JOINT EE-OPTIMIZATION BASED ON STATISTICS
Many EE-optimization works of MU-MIMO systems with full CSI proposed schemes to adaptively improve EE where the sum rate varies according to the channel state [24] , [25] . However, it is difficult to apply the same approach as these to the RUB since the BS has only partial CSI. For EE-RUB systems, we first consider ergodic energy efficiency as
We denote that (19) is a function of M , P and K . In general, we cannot control the number of users who want to receive signal, K , thus, the ergodic EE is the function w.r.t. M and P. Then we can consider the following optimization problem.
subject to
To solve this problem, we need to find statistical EE (S-EE) optimal M S-EE and P S-EE , as
Note that the constraints about the maximum number of streams M M SE and maximum transmission power P P SE can be ignored in this problem. The denominator of ergodic EE, i.e. P tot , is linearly increasing function w.r.t. M and P while the numerator of ergodic EE is decreased or saturated when M M SE and P P SE . Hence it is obvious that the obtained results of (22) should be satisfied with constraints of M S-EE < M SE and P S-EE < P SE . To solve this two-variable optimization problem, we first analyze the effect of one variable when the other one is fixed.
When P is given, ergodic EE becomes a quasi-concave function w.r.t. M , which means that the superlevel set {M | E[η EE ] > β} is concave. In this case, we should check the feasibility of concavity by a simple bisection algorithmBefore checking the feasibility, M S-EE can be calculated as
Note that M (o) is a positive real number. Computing
= 0, we can consider the following equation.
where = 0 simply, we can obtain P S-EE by solving following equation.
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. Note that we also do nott have to check the feasibility of concavity in (24) . Utilizing the results of (23) and (24) enables maximization of EE by separately optimizing M and P when other parameters are fixed. However, our ultimate objective is to obtain the joint optimum values of M and P. We can find the joint global optimum by an exhaustive search over all candidates of M and P. But it requires high computational complexity to find a real number P while searching an integer M does not. Therefore, we take into account a practical method to use the convergence property of this problem.
Algorithm 1 Joint optimization algorithm
Initialize M = 1, P = 0 and M = 0. (23) and
Convergence is declared when an integer M S-EE is unchanged in an iteration. This approach can lead to convergence to a global optimum. We verify through simulations in cross-section that our results in this section are valid.
D. ADAPTIVE POWER CONTROL
In the previous section, the ergodic EE based on the statistics of SINRs of selected users was optimized without using CSI which is feed back from M S-EE users. However, the SINR values of selected users vary with regard to the channel state.
Lemma 2: The variance of γ B 1 , σ 2
, is lower bounded as
Proof: See appendix C. Note that since when M is decreased or P is increased, the variance of γ B 1 is increased, which means that when BS broadcasts a lot of streams with low transmission power, the results of Section III-C can be inaccurate. The number of antennas, M S-EE , cannot be unchanged, since if BS changes M according to the channel state, past CSI fed back from from M S-EE users is not proper. Furthermore, an integer M S-EE would be unchanged depending on the channel state, whereas the real number P S-EE is not. Thus to achieve the adaptive EE (A-EE) optimality, we should control P S-EE to P A-EE by using partial CSI fed back from users. This means that M EE = M S-EE and P EE = P A-EE . If we define S B m as signal gain and I B m as interference gain of the selected user served by the mth beam and T B m = S B m + I B m , the instantaneous energy efficiency can be described as 
where the newly defined function (x, y) = xye x+y . Since we cannot obtain a closed-form solution of equation Z(P) = 0, we need to adopt a simple hill-climbing method as Algorithm 2 where > 0 should be set up to be a small
Algorithm 2 Hill climbing algorithm
Initialize
real number and it starts from the initial value P S-EE .
E. ENERGY EFFICIENT RUB PROCEDURE
In this section, we describe the procedure of energy efficient RUB (EE-RUB) systems. Our proposed scheme consists of two stages.
1) FIRST STAGE
When the transmitter knows the value of K , it is possible to achieve statistical optimal EE performance based on the joint optimization algorithm in Section III-C. This is the first stage of EE RUB schemes.
• A transmitter recognizes the number of users desiring to receive the signal, K .
• Using the convergence algorithm, the transmitter calculates M S-EE and P S-EE .
• The transmitter transmits the pilot symbol to K users.
• K users calculate the best SINR, and corresponding beam index and feed back this information.
• The transmitter selects the best M EE = M S-EE users. If the transmitter uses only the first stage, we can apply P EE = P S-EE . We call this case a statistically energy efficient RUB (S-EE RUB) system.
2) SECOND STAGE
The second stage is adaptive power control which was described in Section III-D. When the wireless channel between users and transmitter is stable, the second stage is not needed. However, when the channel is unstable,the transmitter can operate the following second stage.
• Based on the CSI fed back from selected M EE users, the transmitter calculates υ α
σ 2 thr where σ 2 thr is threshold of variance, the transmitter controls P S-EE to P A-EE by hill-climbing algorithm.
• The transmitter selects M S-EE antennas randomly.
• The transmitter allocates P A-EE to the information symbols, and transmits the symbols to M S-EE selected users.
When the transmitter uses both the first stage and the second stage, it is called an adaptively energy efficient RUB (A-EE RUB) system. Fig. 4 describes the system model of our proposed EE RUB scheme. With fixed K , M EE and P EE are unchanged. Also, when wireless channel is stable, there is little variation of P EE . Therefore, M EE and P EE can be the design parameters of the RUB system which is operated in indoor communications where the number of users is static and the fluctuation of channels is small. On the other hand, in the cellular network with a wide range of number of mobile users and unstable channels, both M EE and P EE can be changed significantly. In this case, the BS should select M EE antennas among M (M M EE ) antennas and choose P EE . In other beamforming systems based on full CSI, many adaptive antenna selection techniques to maximize EE are proposed, while these are difficult things in the RUB which uses only partial CSI. Hence the BS of RUB unavoidably selects random M EE antennas among M antennas.
IV. ANALYSIS OF ENERGY EFFICIENT RUB SYSTEMS
The results in the previous section show that due to the complexity of the calculations, it is difficult to obtain intuitive analysis of EE performance. Therefore, in this section, we first investigate the EE of RUB systems asymptotically. Through this process, we can see the tendency of the optimal number of antennas and transmit power to achieve the maximum EE. To find the method of low complexxity calculation, a new approximation result will be derived under the assumption for sufficiently large K . Finally, we evaluate the impact of parameters for circuit power consumption on the EE.
A. ASYMPTOTIC ANALYSIS
Reference [3] studied asymptotic behaviors in terms of number of users, K , which is equivalent to the analysis of EE for K since the total power consumption does not change w.r.t. K . On the other hand, to understand the tendency of EE w.r.t. M and P, we need to analyze EE asymptotically when K is fixed.
1) WITH REGARD TO P
Obviously, increasing P has no impact on the difference between upper bound PDF and exact one, hence we can consider
K . In [26] , the asymptotical approximation of F γ i,m (x) was derived over the low SNR and high SNR region, respectively. In the low SNR, we can assume
] and substituting t = F µ B 1 (x), the ergodic sum rate in the low SNR region can be upper bounded as follows.
Applying this result the upper bound of ergodic EE for low SNR can be represented by
Note that the upper bound of (31) is a quasi-concave function w.r.t. M and P. Similar to the approach of Section III, when RUB systems are operated in the low SNR region, we can VOLUME 5, 2017
derive low SNR asymptotic M * low and P * low as
Note that M * low = max 1, M
low . Similarly, P * low can be derived as
The proof of the solution (32) and (34) is considered in Appendix C. Similarly, over the high SNR region, by using
1−M , the ergodic sum rate in the high SNR region can be approximated as
Note that (36) is a function of M and K , regardless of P. Furthermore, (36) is a decreasing function w.r.t. M , and converges to
This means that in the high SNR region, transmitting signals by using single stream and allocating power as P SE is EE-optimal, which is represented as M * high = 1 and P * high = P SE . Generally, the performance of RUB over the high SNR region is degraded due to the IUI. When RUB is operated in low SNR to minimize IUI, our simple asymptotical results in (32) and (34) are valid. If BS of RUB transmits signals by high transmit power, using only single stream can be the EE-optimal solution.
2) WITH REGARD TO M
If RUB uses only single stream, we can assume that
, and the ergodic sum rate with single stream can be expressed as
In this case, we can apply the same approach as in (34), hence the asymptotic EE-optimal with single stream can be expressed as
On the other hand, in the case of M → ∞, an assumption for
fixed K , we can note that M K , thus all K users can receive signals from the transmitter by K beams among M beams and the remaining M − K beams are randomly allocated to users. Thus, the sum rate can be asymptotically computed as in [6] 
Note that (41) is a monotonically decreasing function w.r.t. P, hence increasing the transmit power when M is very large, degrades both the SE and EE performances.
B. ANALYSIS BASED ON APPROXIMATION
To compute M S-EE and P S-EE in Section III, we must calculate highly complex computations, including integrals, partial derivatives, and untractable PDF. In this section, we suggest a simplified form of M S-EE and P S-EE by deriving an approximation of ergodic EE. As mentioned in Section II, when K is not sufficiently large compared to M , using the upper bound PDF for EE-RUB systems has some error. Therefore, the derived results in this section indicate how to design energy efficient RUB systems when K is sufficiently large, such as ultra dense networks.
To obtain M S-EE and P S-EE approximately, it is necessary to simplify the sum rate expression which is described by integration from 0 to ∞.
Lemma 3: The ergodic sum rate of RUB can be approximated as
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Note that b, c, d are the curve-fitting constants and δ is a small positive real number.
Proof: See Appendix D. Fig. 5 validates our approximated result by simulation. It shows that our approximation result is very close to the exact sum rate and the asymptotic results for the low SNR and high SNR region are valid. Adopting (42) to (23) and (24), we can obtain the closed-form expression of M (o) and P S-EE approximately through the calculation of
= 0, which are depicted as (28) and (29), as shown at the bottom of the previous page. These results can be the design parameters when the value of K is stable and large. In addition, if K is sufficiently large compared to M , we can use (28) and (29) instead of (23) and (24) for Algorithm 1.
C. EFFECT OF a 1 AND a 2
The performance of EE is critically affected by the circuit power consumption model. In many past works related to the EE optimization problem, the authors adopted various circuit power consumption model. The energy efficiency analysis varies greatly depending on how the power consumption model is set, which is the same as what we did with the values of a 1 , a 2 and a 3 . Hence we need to analyze the effect of a 1 , a 2 , and a 3 on the EE performance, respectively.
1) EFFECT OF a 1
We substituted a 1 as 1 η in the Section III-A, thus a 1 means the efficiency of the transmitter. Without loss of generality, most works about EE apply η as 0.33 or a nearby value, so we can set a 1 ≈ 3. If a 1 becomes larger, i.e. the transmitter has a less efficient power amplifier (PA), using high transmit power can be harmful to the performance of EE. In contrast, with small a 1 , adopting large transmit power can be the EE-optimal solution.
2) EFFECT OF a 2
Communication systems with large a 2 means that the transmitters and receivers of this systems have low-efficient RF chains. In this case, EE performance can be sensitive to an increase in the number of antennas. In severe cases, it is most energy efficient to use only single stream, i.e. M = 1 when
If transmitters are equipped with efficient RF chains, using multi streams can be the EE-optimal solution. With the power consumption model of [19] , since the inequality (44) is satisfied, we can simply conclude that transmitting single stream to one user is an EE-optimal solution. However, by using the different power consumption models in [11] and [19] , we can provide different solutions.
V. NUMERICAL RESULTS
In this section, we show the EE performance RUB systems and evaluate our proposed EE-RUB scheme through simulations. For convenience, we assume that the system bandwidth, W , is 20MHz and WN o = 1 hence SNR, ρ, is equal to the total transmission power, P. We use two power consumption models that were discussed in Section III-A to analyze the effect of parameters related to circuit power consumption.
In Fig. 6 , we plot the EE performance as a function of ρ with various schemes. In the case of fixed M , there is no operation to be used to increase EE. We can consider that the reason for the performance of M = 4 being greater than M = 8 is increasing inter-user interference. When the transmitter of RUB selects the optimal number of antennas Energy efficiency for different number of antennas with fixed ρ case, P = P SE case, P = P S-EE case and P = P A-EE case. in terms of SE, EE performance can be degraded due to the significant increase of circuit power consumption. However, it is shown that in the case of M = M EE , the energy efficiency has remarkably increased. When SNR is increased, the EE for M = M EE is close to M = M SE since the RUB is the interference dominant system. In other words, over the high SNR region, using only single stream, i.e. M = 1, is optimal for SE, and it is also optimal for EE.
To investigate the effect of power control on the EE, Fig. 7 illustrates the EE performance with regard to M . In this figure, we compare three cases, which are P = P SE , P = P S-EE case and P = P A-EE case. The EE performance of RUB systems for the maximum SE is significantly decreased compared to the EE-RUB system. The advantage of adaptive power control is also demonstrated. However, performance gap between P = P S-EE and P = P A-EE becomes larger when M is increased due to the large variation of received SNR. Fig. 8 and Fig. 9 plot the EE as a function of M and ρ to demonstrate the validation of our proposed algorithm by using both power consumption models, P a 2 ↑ tot and P a 2 ↓ tot . In both figures, we can see the statistical EE-optimal M EE and P EE which are obtained by our proposed algorithms. In Fig. 8 for K = 50, we can obtain the statistical optimal M EE and P S-EE in Algorithm 1 by just 1 iteration, since M EE = 1 is the solution. On the other hand, applying P a 2 ↓ tot , the optimal solution is computed through 3 iterations. If K is larger or a 2 is smaller than those of our setup, the number of iterations will be increased. In both figures, the difference between the numerical result and our analytical result is very little.
To evaluate the impact of our proposed schemes, Fig. 10 describes EE with regard to the number of users, K . Equally, the EE performance is improved when K is increased due to the multi user diversity gain. Using the first stage and second stage of EE-RUB system (A-EE RUB), we can obtain improved energy efficiency compared to S-EE RUB. On the other hand, the SE-RUB system has much less performance of energy efficiency than the two EE-RUB systems. This means that allocating high transmit power and using many antennas to maximize spectral efficiency significantly reduces the energy efficiency. Fig. 11 shows that average EE and SE performance for various schemes. We perform Monte-Carlo simulation 10,000 times with random K , which is uniformly distributed between 10 and 60. We can note that there is a critical degradation of EE performance to achieve maximum SE performance, while there is a reduction of SE performance in the EE maximization schemes. To achieve maximum EE performance, about 45% degradation of SE performance occurs, while EE-RUB systems can achieve about 400% EE performance compared to SE-RUB systems.
VI. CONCLUSION
In this paper, we proposed energy efficient RUB schemes and investigated the performance of our proposed schemes. To achieve maximum EE performance, there are two stages. The first stage is joint EE-optimization based on statistics. According to the statistical characteristics of RUB, the EE-optimization problem was converted into the optimization problem of the optimal number of antennas and optimal transmit power. This problem is a quasi-concave function with regard to the number of antennas and transmit power, respectively, hence we can simply solve it by calculating partial derivatives. In order to jointly maximize EE with regard to the number of antennas and transmit power, we proposed an algorithm of convergence that has low complexity compared to the exhaustive search method. In the second stage, the transmit power is adaptively controlled according to instantaneous channel state. First of all, we derived a lower bound of the variance of best SINR. If the variance is small, adaptive power control is not necessary. When the transmitter has signal gain and interference gain information of all selected users, the statistical EE-optimal transmit power can be controlled to the instantaneous EE-optimal transmit power by a hill-climbing algorithm. The performance difference between the case of using only the first stage and the case of using both first and second stage was discussed through simulations.
To investigate the EE performance, we first derive an asymptotical expression of the ergodic sum rate of RUB according to the SNR and number of antennas. Using these, we can describe the tendency of the optimal SNR and number of antennas in terms of EE. To simplify the computation of our results, approximation results of the optimal number of antennas and SNR were derived based on a new approximation of the ergodic sum rate and the accuracy of our approximation was verified by simulation result.
Our proposed system can achieve high energy efficiency, but it may be less spectral efficient. If wide band is used in the next generation communication, spectral efficiency can be a less important performance metric and energy efficiency can be used as a more important metric to increase battery (holding) time and reduce the power consumption of mobile devices. Therefore, due to the property of low delay and energy efficient systems, EE-RUB systems can be appropriate communication systems in future networks.
Appendix A PROOF OF LEMMA1
Note that E[R] 0, P tot > 0 and 
We denote that ξ = ∞ 0 log 2 (1 + x)f γ B 1 (x)dx is a monotonically decreasing function and ∂ξ ∂M is a monotonically increasing function w.r.t. M . Hence,the first term and second term are monotonically decreasing functions, and the third term is a monotonically increasing function. Therefore, equation 
EE-optimal transmit power P S-EE also exists in [0, ∞] and we can verify that there is only on solution of
∂E[η EE ] ∂P
= 0 by a similar procedure and simulation.
Appendix B PROOF OF LEMMA2
Applying Chebyshev's inequality with α > 0, 
